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Fast neutrons with a broad energy spectrum, with which it is possible to evaluate
nuclear data for various research fields such as medical applications and the develop-
ment of fusion reactors, can be generated by irradiating proton beams on target mate-
rials such as beryllium. To generate short-pulse proton beam, we adopted a deflector and
slit system. In a simple deflector with slit system, most of the proton beam is blocked by
the slit, especially when the beam pulse width is short. Therefore, the available beam
current is very low, which results in low neutron flux. In this study, we proposed beam
modulation using a buncher cavity to increase the available beam current. The ideal field
pattern for the buncher cavity is sawtooth. To make the field pattern similar to a
sawtooth waveform, a multiharmonic buncher was adopted. The design process for the
multiharmonic buncher includes a beam dynamics calculation and three-dimensional
electromagnetic simulation. In addition to the system design for pulsed proton genera-
tion, a test bench with a microwave ion source is under preparation to test the perfor-
mance of the system. The design study results concerning the pulsed proton beam
generation and the test bench preparation with some preliminary test results are pre-
sented in this paper.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
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through the proton bombardment of a target using a time-
of-flight method, the proton beam should be pulsed to
have a certain time structure. A short-pulse width is
preferred for the proton beam because the neutron energy
uncertainty is proportional to the pulse width. In addition,
the pulse repetition rate should be low enough to extend the
lower limit of the available neutron energy. Therefore, to
generate a short-pulse proton beam with a reasonable
repetition rate, neutron-based nuclear data acquisition is
essential [1].
One method of short-pulse proton beam generation is to
use a chopper with a deflector and a slit. In a simple deflector
with slit system, most of the proton beam is blocked by the
slit, which results in very low available beam current and low
neutron flux, especially when the beam pulse width is short.
To increase the available proton beam current, we adopted
beam current modulation using a buncher cavity, which is
operated at radiofrequency.
To maximize the modulation efficiency in the buncher
cavity, the electric field pattern along the beam path in
the buncher cavity should have a sawtooth waveform [2].
We adopted a multiharmonic buncher with resonance
frequencies up to the third harmonic to make the field
pattern similar to the sawtooth waveform. The design pro-
cess of the multiharmonic buncher includes a beam dy-
namics calculation and three-dimensional electromagnetic
simulation.
In this paper, we discuss the design features of the proton
beam chopper based on an electrostatic deflector with a slit
and a multiharmonic buncher system. The schematics of the
chopper system are shown in Fig. 1. In addition to the system
design for pulsed proton generation, a test bench with a mi-
crowave ion source for the experimental verification of the
designed system is described with some preliminary test re-
sults including proton beam extraction.Fig. 1 e Schematic layout of a pulse proton beam
generation system. A deflector is located between two
solenoids and a slit is located in front of the radiofrequency
quadrupole (RFQ). A buncher cavity is placed after the ion
source and the distance between the buncher and the slit
is determined to maximize modulation of the beam
current at the slit position.2. Design of the pulsed proton beam
generator
2.1. Electrostatic deflector and slit
The electrostatic deflector is composed of two parallel plates
with a high-voltage bias from a pulsed high-voltage system
[3]. The beam is deflected by the electric field formed by the
biased plates and chopped using a slit. The design parameters
of the deflector and slit systemdepend on various factors such
as (1) deflector size, (2) deflector voltage, (3) high-voltage
switching speed, (4) proton beam energy, (5) slit width, (6)
distance between deflector and slit, and (7) proton beam pulse
width.
The beam deflection angle is proportional to the deflector
voltage and is reduced at higher proton beam energy. The
deflection angle dependency on the deflector voltage is shown
in Fig. 2. The important design parameter of the slit is slit
width, which can be determined by the required proton beam
pulse width and high-voltage pulse rising time. The slit width
as a function of the pulse rising time is shown in Fig. 3 at
various desired pulse widths. As can be seen in Fig. 3, a wide
slit can be used with a fast rising deflector voltage at a given
proton pulse width.
The beam dynamics calculation with a deflector and a slit
was performed using the PARTICLE STUDIO code and the
Phase and radial motion in ion linear accelerators (Parmila)
code. The Parmila computer code was developed in the 1960s
to study drift tube linac structures and it has beenwidely used
in the accelerator community. This popular code has
benefited from years of use and improvements. It has been the
basis of many successful linac designs and has beenFig. 2 e Deflection angle dependency on the deflector
voltage with various proton beam energies. For a given
deflector voltage, the deflection angle is inversely
proportional to the proton beam energy.
Fig. 4 e PARTICLE STUDIO simulation for the 50-keV proton traje
plates ise5kV. The color code shows theprotonbeamenergy. Th
decelerated at the exit of the deflector. Net energy change is zero
Fig. 3 e Required slit width as a function of deflector
voltage rising time at various proton beam pulse widths.
The following conditions are assumed: 1-m distance
between the deflector and slit, 100-mm spacing between
deflector plates, 100-mm deflector size, 50-keV proton
beam energy, and 10-kV deflector voltage.
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simulation result for the proton beam trajectory when the
deflector voltage is 5 kV with 100-mm gap between two
deflector plates and 50-keV proton beam is shown in Fig. 4 [5].
The effectiveness of the slit can be calculated using the Par-
mila code as shown in Fig. 5. The total number of simulated
particles in the input beam was 100,000 with Gaussian-like
distribution; this number was reduced to 23,149 with flat-
tened profile behind the slit.
Considering various design parameters, we determined the
deflector geometry. The deflector plate is a 138-mm square
and the gap between the plates is 100 mm. The maximum
deflector voltage is approximately 10 kV; therefore, high-
voltage feedthrough with 20-kV insulation is adopted. The
deflector plates are located in a vacuum chamber and the in-
side view of the installed deflector plates is shown in Fig. 6.2.2. Multiharmonic buncher
To generate an electric field distribution with a sawtooth
waveform, which is ideal for bunching purposes, we designed
a multiharmonic cavity with harmonics up to the third har-
monic. The fundamental frequency was determined to be
50MHz. Therefore, the second harmonic frequency is 100MHz
and the third harmonic is 150 MHz. The synthesized wave-
formwhen the amplitudes of the second and third harmonics
are 33% and 10% of the fundamental amplitude, respectively,
can be found in Fig. 7 [6e11].ctorywhen the voltage difference between the two deflector
eprotonbeam is acceleratedwhen it enters thedeflector and
, which is a characteristic of the electrostatic deflection.
Fig. 5 e (A) Input beam distribution for Parmila calculation of proton beam transport through the slit. (B) Output beam
distribution for Parmila calculation of proton beam transport without the slit. (C) Output beam distribution for Parmila
calculation of proton beam transport with the slit. The slit opening was set to ±1 mm. Approximately 77% of input beam is
blocked by the slit.
Fig. 6 e Inside view of the deflector chamber with
installation of the deflector plates. The deflector plates are
made of stainless steel and connected to the high-voltage
feedthrough.
Fig. 7 e The waveform synthesized using harmonics up to
the third order. The fundamental frequency is 50 MHz. The
second harmonic and third harmonic frequencies are
100 MHz and 150 MHz, respectively. The amplitude ratio
among the fundamental, second harmonic, and third
harmonic frequencies is 1:0.33:0.10.
Fig. 8 e Parmila simulation results of the beam bunching at the buncher cavity. Phase width reduction due to the beam
bunching is clearly seen in the phase spectrum (upper left graph). (A) Beam distribution right after the buncher cavity. (B)
Beam distribution after 1-m drift from the buncher cavity.
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 1 8 9e1 9 9 193
Fig. 9 e Multiharmonic buncher with two coaxial resonators. The longer one resonates at the fundamental and third
harmonic frequencies, whereas the shorter one resonates at the second harmonic frequency.
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shown in Fig. 8. The beam right after the buncher cavity has a
phase width of 360, which means that the beam is contin-
uouswithout bunch structure. The phase width of the beam is
reduced to about 50 after 1-m drift and the bunch structure is
clearly observed.
The structure of the multiharmonic cavity is a quarter-
wave coaxial resonator as shown in Fig. 9. The long coax-
ial resonator is for the fundamental and third harmonic
modes and the short one is for the second harmonic mode.
The length of the second harmonic resonator is about
half the length of the fundamental resonator. The electrode
has a conical shape to reduce the capacitive coupling
between the electrodes and to increase the transit time
factor [12].
We performed the three-dimensional electromagnetic
analysis of the multiharmonic cavity using the MICROWAVE
STUDIO code. The longitudinal components of the electric
field distributions and the electric field along the beam path
are shown in Figs. 10 and 11, respectively. The unloaded Q of
the fundamental mode is approximately 2,000 and the R/Q
value is approximately 140 U. The radiofrequency character-
istics of the multiharmonic cavity are summarized in Table 1.
Based on the analysis, the design of the multiharmonic
buncher is fixed as shown in Fig. 12 and the cavity is under
fabrication.3. Experiment with test bench
For the performance test of the pulsed proton beam genera-
tion system, a test bench with a proton source is under
preparation. The system is composed of a microwave ion
source, a diagnostic box with vacuum pumping system, a
deflector section, and a beam diagnostic system. The multi-
harmonic buncher section and beam focusing system will be
added in the near future.
Themicrowave ion source consists of a plasma chamber, a
magnetron microwave generator, a microwave power trans-
mission line with direct current break waveguide, a solenoid
magnet to enhance the plasma generation, and a high-voltage
pulse power system for beam extraction [13]. The microwave
ion source used for the test bench and the hydrogen plasma
generated in the ion source are shown in Figs. 13 and 14,
respectively.
Using the extracted proton beam, we performed a pre-
liminary test of the deflector and slit system. The proton beam
was extracted and accelerated up to 20 keV with 1-ms pulse
length. During the 1-ms pulse, one of the deflector plates
switches from 0 V to 5 kV, whereas the other plate is
constantly biased at 2.5 kV, which is high enough to deflect
the 20-keV proton beam. At the instant when the pulsed
deflector plate is at about 2.5 kV during the switching, the
proton beam can pass through the deflector without
Fig. 10 e Longitudinal electric field distribution for the multiharmonic cavity. The length of each resonator is one-quarter of
the wavelength of the fundamental and second harmonic frequencies (A and B), whereas it is three-quarters of the
wavelength of the third harmonic frequency (C). (A) Longitudinal electric field for the fundamental mode. (B) Longitudinal
electric field for the second harmonic mode. (C) Longitudinal electric field for the third harmonic mode.
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Fig. 11 e The electric field profile along the beam path in
the multiharmonic cavity. The electric field intensity is
normalized for 1 J of resonator-stored energy.
Table 1 e Radiofrequency analysis results for the
multiharmonic cavity.
Parameter Fundamental Second
harmonic
Third
harmonic
Frequency (MHz) 50 100 150
Unloaded Q 2,040 2,913 3,625
R/Q (U) 140 150 52
Shunt impedance (U) 2.86  105 4.38  105 1.89  105
Stored energy (J) 1 1 1
Total loss (W) 1.55  105 2.15  105 2.57  105
Integrated field (V) 2.10  105 3.07  105 2.20  105
Fig. 12 e Engineering drawings of the designed multiharmonic
Multiharmonic buncher with vacuum chamber and supporting s
plug, 5 and 6. Outer conductor, 7. Pick-up port, 8. Tuner port, 9
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signal with a flat top pulse length of about 400 ns and 40 uA at
the Faraday cup installed at the end of the beampath is shown
in Fig. 15. The pulse length can be reduced by adjusting the slit
width; however, the beam current is too small to be measured
without a broadband amplifier [14]. The overall system of the
test bench is shown in Fig. 16.4. Discussion
A design study for the pulsed proton beam generator
was performed. The overall system is based on the electro-
static deflector and slit. To increase the beam current, a
multiharmonic buncher was adopted with 50-MHz funda-
mental frequency. The structure of the multiharmonic
buncher is a quarter-wave coaxial resonator. Detailed three-
dimensional electromagnetic analysis of the buncher cavity
was performed and the design was fixed based on the
analysis. The buncher cavity is under fabrication. To test the
performance of the pulsed proton beam generation system,
we prepared a test bench including a proton injector, a
deflector system, a vacuum system, a high-voltage pulse
power system, and the beam diagnostics. As a preliminary
test, a 1-ms proton beam with 20 keV was chopped and a
pulse beam with 400-ns flat top pulse length was obtained
with a Faraday cup. With a multiharmonic cavity and
improved beam diagnostics, the beam chopping test will be
resumed in the near future.Conflicts of interest
All contributing authors declare no conflicts of interest.buncher. (A) Drawing of resonators and the electrode. (B)
tructure. 1. Top flange, 2 and 3. Inner conductor, 4. Shorting
. Slug tuner.
Fig. 12 e (continued).
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Fig. 14 e Hydrogen plasma discharge in the plasma
chamber of the microwave ion source.
Fig. 15 e Pulsed proton beam signal (magenta color) from the Faraday cup. The time duration of the flat region is about
400 ns. The large oscillation signal before the beam signal is a high-voltage switching noise.
Fig. 13 e Three-dimensional drawing and photo of the
microwave ion source for pulsed proton beam test bench.
(A) Three-dimensional drawing of the microwave ion
source. (B) Fabricated microwave ion source.
Fig. 16 e A photo of the test bench for pulsed proton beam generation. It is composed of the microwave ion source, deflector
and slit system, high-voltage power supplies and solid-state switch, the vacuum pumping system, and control racks.
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